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Lung-inspired, fractal ﬂow-ﬁelds hold great potential in improving the performance of polymer elec-
trolyte membrane fuel cells (PEMFCs) by providing uniform gas distribution across the electrodes and
ensuring minimum entropy production in the whole system. However, the inherent susceptibility of the
fractal ﬂow-ﬁelds to ﬂooding renders their use inadequate at high humidity conditions. In-depth un-
derstanding of water management in lung-inspired ﬂow-ﬁelds is indispensable for the implementation
of alternative outlet channel geometries or engineered water removal strategies to alleviate ﬂooding.
Here, liquid water formation and transport across the lung-inspired and serpentine ﬂow-ﬁeld based
PEMFCs are evaluated using neutron radiography. The results reveal a propensity to ﬂooding in the
interdigitated outlet channels of the fractal ﬂow-ﬁeld with N¼ 4 generations as a result of slow gas
velocity and narrow channel dimensions, which leads to signiﬁcant performance deterioration. Neutron
images also elucidate the importance of ensuring a well-deﬁned internal channel structure of the fractal
ﬂow-ﬁelds to prevent backﬂow of liquid water via wicking and capillary pressure build-up arising from
the narrow inlet gas channels and hydrophobic gas diffusion layer.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Proton exchange membrane fuel cells (PEMFCs) are one of the
most promising alternatives to internal combustion engines and for
a wide range of stationary and portable applications [1]. PEMFCs
convert the chemical energy of reactants directly into electrical
energy by exploiting the electrochemical potential difference
arising from two spontaneous half-cell reactions at the electrodes
[2]. Water, which is the product of these electrochemical reactions,
has to be continuously removed during fuel cell operation to ensure
effective reactant transport to the catalyst layer.
One of the long-standing challenges for efﬁcient and reliable
fuel cell performance is accomplishing uniform reactantens).
Ltd. This is an open access article udistribution across each electrode. By virtue of the planar geometry
of the membrane electrode assembly (MEA), it is customary to
distribute reactants in a 2D or quasi-3D fashion using ﬂow-ﬁelds
[3e9]. However, such approach leads to depletion of reactant
concentration along the ﬂow path of the ﬂow-ﬁeld, rendering gas
distribution highly non-uniform [8,10e14]. Such mass transport
issue can lead to a series of events [7] detrimental to fuel cell
performance [15e17] and longevity [17e19]. This is an inevitable
side effect within the conﬁnes of the conventional (serpentine,
interdigitated, parallel) and bio-imitating designs [8,20e24].
Recently, a lung-inspired ﬂow-ﬁeld design was proposed by
some of the authors that draws inspiration from the fractal ge-
ometry and associated functionality of the upper respiratory tract
of the human lung (Fig. 1) [25]. This lung-inspired ﬂow-ﬁeld fea-
tures three-dimensional fractal branching structures as inlets,
delivering uniform reactant distribution across the electrode. The
concept of lung-inspired ﬂow-ﬁelds was numerically validated, andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. (a) A computer generated image of the GDL integrated with a fractal ﬂow-ﬁeld
with N¼ 4 branching generations, and (b) numerical simulations conducted in our
previous study, illustrating oxygen mass fraction distribution in the cathode catalyst
layer using fractal ﬂow-ﬁelds with N¼ 4, 6, and 8 generations [16].
Fig. 2. Exploded view of individual PEMFC components used in this study.
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parameter for reactant uniformity. However, these lung-inspired
ﬂow-ﬁelds are susceptible to ﬂooding under high humidity condi-
tions, especially at high generation numbers (e.g., N> 4 for a 10 cm2
ﬂow-ﬁeld), where the channels become very narrow, due to slow
gas ﬂow across each channel [25].
In contrast to conventional ﬂow-ﬁelds, understanding the dy-
namics of liquid water in lung-inspired ﬂow-ﬁelds is limited, partly
due to the inherent difﬁculty in accessing liquid water through the
3D printed stainless steel structure with complex internal channel
networks. In-depth understanding of the two-phase ﬂowacross the
lung-inspired ﬂow-ﬁeld channels would serve to identify the
shortcomings of the current design pertaining to water manage-
ment and improve it via an alternative outlet channel geometry or
implementation of an engineered water management strategy.
Thus far, experimental techniques, such as optical [26e28], X-
ray tomography [29,30], X-ray radiography [31,32], neutron radi-
ography [33e35], and magnetic resonance imaging (MRI) [36e38],
have been employed for in situ visualization of liquid water in
PEMFCs. Recently, it was revealed via neutron radiography that
cathode channels of a PEMFC stack with serpentine ﬂow ﬁelds
have a much larger effect on the water content in the fuel cell and
its overall performance than the anode channels [39e43]. Neutron
radiography has proven to be a particularly versatile tool in fuel
cell research, as it provides information that is inaccessible by any
other measurement technique [43,44]. The unique aspects of fuel
cell imaging using neutron radiography are due to the high
sensitivity to liquid water and good penetration depth through
fuel cell components [45]. These traits are crucial to assess the
effect of different ﬂow-ﬁeld designs and operating conditions on
liquid water transport and distribution across the electrode
[43,46,47].
In this study, through-plane neutron imaging results are pre-
sented for the lung-inspired ﬂow-ﬁeld with N¼ 4 generations, and
compared to results for a conventional double-serpentine ﬂow-
ﬁeld. The innovative aspect of the present work lies not only in the
design, fabrication method and underlying nature-inspired
concept, but, most importantly, in the experimental technique
used to visualize transient liquid water generation and transport
across the channels of the fractal ﬂow-ﬁeld. The fuel cell is operated
at ambient temperature in the absence of gas humidiﬁcation. A
series of galvanostatic measurements are performed and the cor-
responding transient changes in fuel cell potential are presented
along with neutron images to investigate the effect of liquid water
formation and transport on fuel cell performance.2. Experimental
2.1. MEA fabrication
A 10 cm2 MEA was fabricated in-house by hot pressing a Naﬁon
212membrane (DuPont, USA) and ELE0070 gas diffusion electrodes
(Johnson Matthey, UK) using a 12-ton thermal press (Carver,
4122CE). The membrane was used without any pre-treatment, and
the assembly was pressed at 130 C for 3min with an applied
pressure of 400 psi [48]. The membrane has a thickness of 50 mm,
and the catalyst layers have a platinum loading of 0.4mg Pt cm2.2.2. PEMFC components
Fig. 2 shows an exploded view of a PEMFC using a lung-inspired
ﬂow-ﬁeld at the cathode. Both end-plates weremade of 8mm thick
aluminium plates, which were electroless plated in gold to prevent
corrosion. The fractal ﬂow-ﬁeld used in this study were fabricated
in a previous study using 3D printing via direct metal laser sintering
(DMLS) [25]. The fractal ﬂow-ﬁeld consists of 3D network of
branching inlet channels and interdigitated outlet channels, which
are connected by a manifold (Fig. 4). The ﬂow-ﬁeld was electro-
plated in-house in gold (Spa Plating, UK) to 1 mm thickness. A
detailed description of the dimensions and conﬁguration of the
plates and gold electroplating procedure is outlined elsewhere [25].
The fractal ﬂow-ﬁeld was assembled in the cathode of a PEMFC, in
which notable transport limitations occur. A 2mm thick gold-
coated aluminium plate was used as a cathode current collector
for the lung-inspired ﬂow-ﬁeld and a 0.8mm thick graphite sheet
(RS pro, UK) was placed in between for a gas-tight seal. The current
collector was used only for the fractal ﬂow-ﬁeld. Current was
drawn directly from the serpentine ﬂow-ﬁelds at the anode and
cathode. At the anode, a single-channel serpentine ﬂow-ﬁeld was
used with channel width, spacing, and depth of 1mm, 1mm, and
0.7mm, respectively. The anodic serpentine ﬂow-ﬁeld was made of
a 2mm thick aluminium plate, whichwas electroless plated in gold.
The behaviour of the above-mentioned setupwas compared to a
PEMFC using a serpentine ﬂow-ﬁeld at the cathode. The cathodic
double-serpentine ﬂow-ﬁeld was fabricated by milling channels
into a 1.6mm thick printed circuit board (PCB) plate (35 mm copper
layer) to achieve channel width and spacing of 1mm, and depth of
0.8mm. At the anode, again, a single-serpentine ﬂow-ﬁeld was
used with channel width, spacing, and depth of 1mm, 1mm, and
0.7mm, respectively. The anodic ﬂow-ﬁeld was made of a 0.8mm
thick PCB plate (35 mm copper layer). The PCB ﬂow-ﬁelds were
electroplated to 0.5 mm in nickel (Balco Engineering, UK) and 5 mm
in gold (Spa Plating, UK). A 70 mm thick sheet of Tygaﬂor was used
as a gasket at the interface between ﬂow-ﬁelds/current collector
and end-plates for electrical insulation. The same material was
used as a gasket to seal the perimeter of the MEA.
Table 1
Operating conditions used during PEMFC operation.
Parameter Value
Fuel cell temperature Ambient
Cathode RH Dry
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A simpliﬁed schematic of the experimental setup is displayed in
Fig. 3. The test station supplied dry hydrogen (purity 99.995%) and
air at a stoichiometric ratio of 1.2 and 3, respectively, by controllingFig. 3. Simpliﬁed schematic for through-plane fuel cell imaging in NEUTRA, facing the
LiF/ZnS scintillator [49]. MFC stands for mass ﬂow controller.
Fig. 4. (a) Optical image of the gold plated engineered ﬂow-ﬁeld with N¼ 4 genera-
tions showing fractal inlet and interdigitated outlet channels and (b) a schematic
showing the fractal geometry. The fractal ﬂow-ﬁelds comprise self-similar, repeatedly
branching “H” shaped channels designed to uniformly distribute reactant across the
catalyst layer surface. This channel geometry allows a single inlet to branch into 4N
outlets with each ﬂow path being equal in length.
Anode RH Dry
Hydrogen stoichiometry (aH2) 1.2
Air stoichiometry (aair) 3
Active area 10 cm2
Membrane Naﬁon 212
Electrode ELE0070
Cathode/anode outlet pressure 1 atm (abs)the gas ﬂow rate using mass ﬂow controllers (EL-FLOW, Bronk-
horst). The current drawn from the cell was regulated using a DC
electronic load (PLZ664WA, Kikusui). An in-house computer
controlled system (LabVIEW, National Instruments) controls the
components of the rig and records data with a data acquisition card
(USB 6363, National Instruments). The PEMFC was operated
without external heating. Table 1 lists the key operating conditions
used in all experiments. These conditions were chosen to repro-
duce a regime of operation expected to be limited by ﬂooding,
while preventing condensation in the fractal distribution network,
which could otherwise obstruct the through-plane view.
Experiments were conducted by incrementally changing the
current density every 10min at 0.1 A cm2 intervals until the po-
tential dropped below 0.2 V. In cases where a rapid decline in fuel
cell potential occurred at low current density, the fuel cell was
subjected to 1 Lmin1 of air ﬂow for 30 s to purge excess liquid
water from the system before moving on to the next current den-
sity. The anode stream was directed from the upper right to the
lower right corner of the MEA for the lung-inspired ﬂow-ﬁeld. The
anode ﬂow direction was reversed for the conventional double-
serpentine ﬂow-ﬁeld to achieve counter-current ﬂow orientation
with air (Fig. 5). The fractal N¼ 4 ﬂow-ﬁeld was horizontally
orientated as shown in Fig. 4.2.4. Neutron imaging facility
Neutron radiography was conducted at the neutron imaging
facility NEUTRA of the SINQ spallation source (Paul Scherrer Insti-
tute, PSI, Switzerland) [49]. Thermal neutrons provided by the
source are extracted from a moderator tank in the thermal energy
range of 1 103 to 10 eV with a Maxwellian spectrum energy of
25 103 eV. The second positionwas used inside the shielded area
along the beam line with a maximum ﬁeld-of-view of 15 15 cm2.
The fuel cell was placed in through-plane orientation to the beam
to visualize liquid water across the electrode. A LiF/ZnS neutron
scintillator screen converts the neutron ﬂux of the beamline into
light emission, which is then reﬂected by amirror to be recorded by
a CCD camera with a pixel size of 0.104mm and a resolution ofFig. 5. Radiograph of a dry cell with (a) double-serpentine ﬂow-ﬁeld and (b) fractal
ﬂow-ﬁeld with N¼ 4 branching generations. Green and red arrows indicate the ﬂow
direction of air and hydrogen, respectively. For the fractal ﬂow-ﬁeld case, air was
directed perpendicular to the plane.
Fig. 6. (a)e(d) Neutron images showing water distribution across the lung-inspired
ﬂow-ﬁeld based PEMFC with N¼ 4 at different times and (e) variation in potential
during galvanostatic operation at 0.3 A cm2. The time at which each image was taken
is marked on the curve.
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Images were taken with an exposure time of 20 s, which pro-
vides enough temporal resolution to capture dynamic changes in
liquid water distribution during a current hold. The exposure time
is within the range typically used for neutron imaging of PEMFCs
(1e25 s) [43,50e52]. The intensity images are generated in FITS
format, which are post-processed using PSI's in-house software
written in Interactive Data Language (IDL).
2.5. Contact angle measurement
The contact angle of the fractal ﬂow-ﬁeld surface was measured
using a drop shape analyser (Kruss DSA 100, Germany). An 8 mL
drop of deionised water was placed on the surface of a sample and
the static contact angle was measured using built-in ﬁtting soft-
ware. The 3D printed stainless steel, gold plated aluminium plate,
and milled PCB surface exhibited hydrophilic surface properties
with a measured contact angle of 75.3, 81.0, and 56.6,
respectively.
2.6. Quantiﬁcation of the water thickness from neutron images
After applying necessary corrections to the resulting images
(ﬁltering, subtraction of the neutron scattering background, align-
ment of “operating” and reference images), images taken during
cell operation were normalised to a reference image of the dry fuel
cell (Fig. 5) before operation to obtain only the attenuation corre-
sponding to the water content in the system. The thickness of
water, twater, is calculated from the relative neutron transmission (I/









where I is the intensity of the beam in operation, Io is the intensity
of the beam for the dry fuel cell, twater is the thickness of water, and
mwater is the attenuation coefﬁcient of water. The attenuation co-
efﬁcient of neutrons in liquid water was measured in the NEUTRA
beamline for the given setup at 3.5 cm1 [53]. In the following
sections, the water content will be expressed as the effective water
thickness in mm.
3. Results and discussion
3.1. Lung-inspired ﬂow-ﬁeld with N¼ 4 generations
Neutron images of the lung-inspired ﬂow-ﬁeld based PEMFC
(N¼ 4) were taken during a galvanostatic operation at 0.3 A cm2.
Images are displayed in chronological sequence to reveal the evo-
lution and transport of liquid water across the channel. The blue
band around the rectangular opening of the graphite sheet (red
arrow in Fig. 6 (c)) is water that has penetrated into the interface
between the ﬂow-ﬁeld and the graphite sheet due to incomplete
sealing. The white region on the bottom right (red arrow in Fig. 6
(a)) is a result of liquid water that was present in the end-plate
when the dry image was taken, but was later purged using high
gas ﬂow prior to operation.
A gradient in liquid water distribution is observed at the start of
PEMFC operationwith greater water content towards the bottom of
the electrode. Dry hydrogen gas ﬂows from the top to the bottom
on the opposite side of the MEA, causing a portion of the liquid
water generated near the top of the cathode catalyst layer to be
transported across the membrane via back-diffusion. Water drop-
lets appear on the channel wall as they emerge from under the land(channels indicated with green arrows). This observation is in line
with previous X-ray and neutron imaging studies showing liquid
water to preferentially accumulate at the bottom of the land and
start bulging into the channel once the region is saturated [32,33].
These emerged droplets grow in size and coalesce with neigh-
bouring droplets to form slugs, causing channel blockages. The
overall quantity of liquid water increases over time with signiﬁcant
water accumulating in the interdigitated outlet channels, which
leads to an exponential decay in cell potential, as a greater region of
the electrode is progressively deprived of reactant gas. This result is
consistent with a previous report demonstrating ﬂooding to occur
at low current densities, caused by slow gas velocity [54]. The
substantially slower gas ﬂow across the channels of fractal ﬂow-
ﬁelds in comparison to most conventional ﬂow-ﬁeld designs
makes fractal ﬂow-ﬁelds particularly susceptible to ﬂooding at low
current density. Channel ﬂooding in fractal ﬂow-ﬁelds is highly
undesirable, as it creates low resistance paths, redistributing the
gas within the fractal distributor network, such that more gas ﬂows
Fig. 7. (a)e(d) Neutron images showing water distribution across the lung-inspired
ﬂow-ﬁeld based PEMFC with N¼ 4 at different times and (e) variation in potential
during galvanostatic operation at 0.5 A cm2. The time at which each image was taken
is marked on the curve.
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starving the region underneath the ﬂooded channels of reactant gas
[55e57].
A signiﬁcant portion of liquid water is found in the “inlet
channels” (outlets of the fractal distributor). Since inlet gas supply
is dry, all liquid water found in the inlet channels is the product of
the electrochemical reaction. The generated liquid water enters the
inlet channels by capillary pressure. The narrow dimensions of the
ﬁnal generation and the hydrophilic channel wall cause the
generated liquid water to be wicked into the inlet channels. Addi-
tionally, the hydrophobic gas diffusion layer (GDL) generates
capillary pressure, which forces liquid water into the channel
[58e60]. We assume that these interacting forces prompt backﬂow
of generated liquid water into the inlet channels, where gas ﬂow is
partially impeded due to minor structural imperfections within the
fractal network. The ﬁnding underscores the importance of
ensuring a high degree of resolution of the fractal network; this is
especially so for channels in close proximity to the ﬁnal generation
where feature size is small, and even a minor structural defect can
locally disrupt the gas distribution.
A more dynamic liquid water movement is observed across the
channel at 0.5 A cm2 from faster gas ﬂow and higher channel
pressure drop. Hence, ﬂooding is substantially alleviated, as indi-
cated by a slower decline in potential (Fig. 7; note the different scale
of the Y-axis, compared to Fig. 6). The process of liquid water
transport and removal is captured and highlighted with arrows.
As water droplets get expelled into the manifold (red arrow in
Fig. 7 (a)), small remnants of the droplet are left behind in the
channel downstream (red arrow in Fig. 7 (c)). The remnants form as
a result of a breakup of the primary slug caused by the combined
effects of air velocity and surface tension [61], and these exist in the
form of a ﬁlm [61e63]. Some liquid droplets spontaneously appear
in the channel downstream, also in the form of a ﬁlm (green arrows
in Fig. 7 (c)). Since there was no involvement of a primary slug, we
anticipate wicking of liquid water to have occurred from the hy-
drophobic GDL onto the hydrophilic channel wall [61,64]. Film ﬂow
allows gas to ﬂow around it and so these droplets remain static
until they grow by encountering another slug, vapor condensation
or expulsion of generated liquid water from the GDL. Abrupt,
temporary recovery in PEMFC potential may be indicative of liquid
droplet movement across the interdigitated outlet channel into the
manifold, sweeping away stationary droplets attached to the GDL
and momentarily enhancing reactant transport to the catalyst layer
[62,65,66].
Some liquid water droplets, on the other hand, continue to grow
without advective movement (green arrows in Fig. 7 (a)). The
channel pressure drop at 0.5 A cm2 appears to be insufﬁcient to
remove these slugs, as larger droplets sustain greater capillary
pressure (adhesive force) with the channel wall, requiring greater
pressure drop for convective removal [67]. The remaining liquid
droplets plug the channel of any gas ﬂow and divert it from
neighbouring inlet channels to unﬁlled contiguous outlet channels,
resulting in inhomogeneous gas distribution and local reactant
starvation [55e57].
A similar pattern emerges in the growth and discharge of liquid
droplets at 0.6 A cm2 (Fig. 8). The decline in potential is more
pronounced, despite similar liquid water content as at 0.5 A cm2,
as elevated reactant consumption rate causes greater mass trans-
port losses within the electrode. The liquid slug of the order of the
outlet channel length (red arrow in Fig. 8 (a)) starts seeping and
spreading into the manifold as the channel cannot accommodate
any more liquid water. The implication of excess liquid water
emerging and expanding inside the manifold is signiﬁcant in terms
of removal of lengthy liquid slugs. As a liquid slug protrudes into the
manifold, the radius of the emerging liquid expands and thecurvature of the surface decreases. This causes a local drop in liquid
pressure at the interface, inducing liquid ﬂow in the direction of the
expanding surface [58,60]. The slug is slowly pulled out of the
channel in the process, as suggested by the weakening neutron
signal near the channel upstream, before being completely
removed. The emerged water may have joined the slug in the
adjacent channel during the expansion (red arrow in Fig. 8 (c))
facilitating the removal of this slug. It is anticipated that the
elevated gas pressure in the channel upstream at 0.6 A cm2 also
contributed to the expulsion of liquid water into the manifold.
Removal of liquid water slugs is met by an instantaneous jump in
the potential of over 200mV. Such drastic performance improve-
ment underscores the importance of maintaining outlet channels
clear of liquid water in lung-inspired ﬂow-ﬁelds for efﬁcient and
stable operation. The potential continues to gradually decline
following the slug removal, due to the presence of smaller slugs
across the outlet channels, which also results in lower average cell
potential compared to the serpentine ﬂow-ﬁeld at the same
Fig. 8. (a)e(d) Neutron images showing water distribution across the lung-inspired
ﬂow-ﬁeld based PEMFC with N¼ 4 generations at different times and (e) variation
in potential during galvanostatic operation at 0.6 A cm2. The time at which each
image was taken is marked on the curve.
Fig. 9. (a)e(d) Neutron images showing water distribution across a conventional
double-serpentine ﬂow-ﬁeld based PEMFC at different times and (e) variation in po-
tential during galvanostatic operation at 0.3 A cm2. The time at which each image was
taken is marked on the curve.
J.I.S. Cho et al. / Energy 170 (2019) 14e21 19operating condition (Fig. 10). The decline is much more subtle,
though, possibly as a result of alleviated ﬂooding and no signiﬁcant
formation of liquid water following the slug removal; any addi-
tionally generated liquid droplets are effectively swept away by the
gas ﬂow.3.2. Conventional double-serpentine ﬂow-ﬁeld
The water removal mechanism of a double-serpentine ﬂow-
ﬁeld is assessed and compared against the fractal ﬂow-ﬁeld. The
similar anode and cathode channel geometries make it difﬁcult to
distinguish the electrode to which the liquid water is associated.
However, differentiation is possible with careful observation of the
droplet movement and location across the electrode.
Fig. 9 shows the evolution of liquid water distribution in the
channel of a conventional double-serpentine ﬂow-ﬁeld at
0.3 A cm2. The counter-current ﬂow orientation of dry air andhydrogen causes the top and bottom region of the active area to be
drier than the rest as a result of evaporation and back-diffusion,
respectively. The majority of liquid water at the start of the cur-
rent hold is observed in the corners of the channel in the form of
droplets and ﬁlm [62,68]. Liquid accumulates in corners as a result
of the decreasing channel-to-channel pressure gradient near the
bends [54,69,70]. Momentary changes in the neutron attenuation
signal in the anode outlet manifold following the removal of these
droplets at 0.6 A cm2 (Fig. 10) conﬁrms that most of these droplets
are present in the anode. Liquid water in the anode remains stag-
nant through the current hold at 0.3 A cm2 due to slow gas ﬂow
and a lack of large enough liquid droplet formation required to
initiate water movement across the channel. Water droplets in the
corners of the cathodic ﬂow channel (red, blue, and orange arrows
in Fig. 9) exhibit more dynamic movement and tend to spread
across the channel surface in the direction of ﬂow - a combined
effect of surface hydrophilicity and faster gas ﬂow. Some droplets
(orange and blue arrows in Fig. 9 (a)) spread across the channel top
Fig. 10. (a)e(d) Neutron images showing water distribution across the double-
serpentine ﬂow-ﬁeld based PEMFC at different times and (e) variation in potential
during galvanostatic operation at 0.6 A cm2. The time at which each image was taken
is marked on the curve.
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droplets (green arrow in Fig. 9 (b)) along the way, thereby facili-
tating liquid water removal.
A stable PEMFC potential is recorded for the duration of the
current hold in spite of ﬂuctuating water content across the active
area at 0.3 A cm2. This is ascribed to proper gas ﬂow across the
channel and cross ﬂow created by the pressure difference between
adjacent channels, allowing for convective reactant transport
within the electrode. In the lung-inspired ﬂow-ﬁeld case, PEMFC
performance deteriorated mainly as a result of static slugs in its
interdigitated outlet channels that impeded effective reactant
transport to the catalytic sites underneath. Such stagnation of water
droplets does not occur for the double-serpentine ﬂow-ﬁeld
because of a much lower number of channels that fosters faster gas
ﬂow and a smaller likelihood for the path of least resistance to be
established between channels.
In contrast to the fractal ﬂow-ﬁeld, liquid water is observed in
the anode of the serpentine ﬂow-ﬁeld based PEMFC. One plausiblecause is the difference in physical properties of the channel wall.
The anodic ﬂow-ﬁelds used with the serpentine and fractal ﬂow-
ﬁelds were fabricated from PCB and aluminium plate, respec-
tively. The contact angle of the milled PCB is signiﬁcantly lower
(56.6) than that of the gold-coated aluminium plate (81). We
anticipate the higher channel surface wettability of the PCB ﬂow-
ﬁeld to cause greater adherence of water to the wall, which hin-
ders convective droplet movement across the channel, so that
anodic ﬂow channels become more susceptible to water accumu-
lation [61,69].
Water droplets no longer emerge from the GDL onto the channel
wall at 0.6 A cm2 (Fig. 10). This is due to signiﬁcant cross ﬂow
created by a greater pressure difference between adjacent chan-
nels, which sweeps away any generated liquid water under the
land, before it accumulates and surfaces into the channel. As pre-
viously mentioned, most liquid water located in the corners is
present in the anodic ﬂow channel. Liquid water droplets in the
corners gradually spread towards the centre in the direction of the
hydrogen ﬂow, before being intermittently removed (Fig. 10 (d)).
The overall quantity of liquid water in the channels of the
serpentine ﬂow-ﬁeld drops signiﬁcantly when transitioning to a
higher current density in comparison to the fractal ﬂow-ﬁeld. This
is primarily due to much higher gas velocity across the channel
fostering effective convective liquid water removal. This agrees well
with the neutron imaging results reported by Trabold et al. that
demonstrated a reduced overall quantity of water in the ﬂow-ﬁeld
channels with an increase in current density due to a higher gas
velocity [54]. Lastly, erratic ﬂuctuations in potential observed with
the fractal N¼ 4 ﬂow-ﬁeld at 0.6 A cm2 do not occur for the
double-serpentine ﬂow-ﬁeld, which corroborates the excellent
water management ability of the serpentine channel geometry.
4. Conclusions
Neutron imaging has been employed to visualize liquid water
distribution across lung-inspired and serpentine ﬂow-ﬁeld based
PEMFCs. The serpentine ﬂow-ﬁeld based PEMFC exhibits the most
stable performance as faster gas ﬂow facilitates effective liquid
water removal. On the contrary, the lung-inspired ﬂow-ﬁeld based
PEMFC sustains signiﬁcant liquid water accumulation in the inter-
digitated outlet channels, due to limited convective liquid removal
from substantially slower gas ﬂow and narrow channel dimensions,
resulting in signiﬁcantly higher overall water content and early
onset of ﬂooding. Flooding is alleviated at higher current densities,
as faster gas ﬂow and increased channel pressure drop yields more
dynamic liquid water removal.
The importance of a well-deﬁned, three-dimensional internal
structure is identiﬁed from the observation of clogged fractal inlet
channels. Any minor defects in the fractal channel network, espe-
cially in the vicinity of the ﬁnal generation, render inlet channels
prone to clogging with liquid water from improper gas ﬂow.
Without condensation and channel clogging, fractal ﬂow-ﬁelds
lead to highly uniform gas transport and catalyst utilisation, and,
thus, exceptional fuel cell performance [25]. However, ﬂooding in
the channels of the fractal ﬂow-ﬁeld is highly undesirable as it leads
to redistribution of the gas within the fractal network, resulting in
non-uniform gas distribution across the electrode, which hampers
system efﬁciency and can potentially expedite fuel cell component
degradation. Effective liquid water removal would not only reduce
parasitic loads from pumping, but ensure uniform gas distribution
across the active area. Implementation of the water management
strategy recently developed within the group [71] into fractal ﬂow-
ﬁelds should forestall the evolution of liquid slugs in the channels,
ensuring robust and reliable operation of fractal ﬂow-ﬁeld based
PEMFC. However, such mechanism requires the integration of
J.I.S. Cho et al. / Energy 170 (2019) 14e21 21water transport channels adjacent to land, and interdigitated outlet
channels of the fractal ﬂow-ﬁelds with awall thickness of0.5mm.
Such intricate design requirement calls for a careful consideration
of build orientation, laser parameters, and possible modiﬁcation to
the channel geometry to prevent the wall (between gas and water
transport channels) from collapsing during laser sintering.
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